gical and neurooncological centers: an "asleep-awakeasleep" (asleep) setting, which involves general anesthesia before and after the testing phase; monitored anesthesia care or "conscious sedation" setting, in which patients are mildly sedated but respiratory independent during the complete procedure; as well as an "awake-awakeawake" setting. All of these have been discussed in the literature. 15, 16, 24, 31, 32, 35 The first two of these techniques have previously been applied at the Department of Neurosurgery, University Hospital of Münster. Given recent publications, we decided to maintain the nomenclature "conscious sedation." 23, 35 Since 2013, the department has solely been performing conscious sedation surgeries using the a2-receptor agonist dexmedetomidine as the only anesthetic drug. Dexmedetomidine acts as a sedative and induces amnesia and analgesia. Moreover, it has an anxiolytic effect, which plays an essential role for its efficacy during awake craniotomies. 14 The aim of this study was to compare both techniques and evaluate the clinical impact of dexmedetomidine in the setting of awake craniotomies for glioma surgery.
Methods

Study Population
We performed an exploratory single-center post hoc analysis of consecutive patients who underwent surgery for intracranial neoplasms under awake conditions at the Department of Neurosurgery of the University Hospital of Münster from October 2009 to September 2015. The setting was either "asleep" using propofol-remifentanil sedation or "conscious sedation" using only dexmedetomidine infusions. As of 2013, the department changed regimens and exclusively performed the conscious sedation procedure. Data collection and scientific analysis in this retrospective cohort study were approved by the local ethics committee of the University of Münster. Written informed consent was obtained for allowing analysis of tumor tissue and clinical data of patients for scientific purposes.
Data Collection
Clinical data, such as electronic medical records, surgical reports, and digitized anesthesia protocols, were evaluated for each patient (Table 1) . Adverse events as well as the drug doses and frequency of usage were recorded. Patient compliance during intraoperative monitoring was evaluated according to the surgeons' perception. Patient compliance was ranked using a subjective rating scale from 1 to 6 (similar to the German school grading system), with 1 representing the best grade, based on the overall impression regarding the criteria of orientation, alertness, capability of articulating clearly, and time until useful mapping/monitoring was possible.
Surgical Procedures
In the asleep group patients were sedated with propofol and remifentanil, and fitted with a laryngeal mask in the anesthetic ward, which was removed for the assessment period during surgery. No standard premedication was administered. Patients in the conscious sedation group were sedated with dexmedetomidine (0.5-1.6 mg/kg body weight/hr) outside of the assessment phase. Patients in the conscious sedation group were positioned in the Mayfield clamp (Integra LifeSciences) under local anesthesia while conscious, and repeatedly questioned about the comfort of their position before sedation was deepened for craniotomy.
In a number of cases, remifentanil was added with a low dose of maximal 0.05 mg/kg body weight per minute. Capnography was applied to monitor spontaneous ventilation. No premedication was given in these cases. A scalp block with 0.5% ropivacaine and 1:200,000 (5 mg/ml) epinephrine was used in both settings. Furthermore, the pin sites and the incision line were carefully infiltrated with ropivacaine and epinephrine.
Patients were positioned either lateral or supine. Standard neuronavigation was used for planning craniotomies (BrainLAB). We used transparent drapes (Secu-Drape, STS Medical Group) to enable close monitoring of the patients' performance during mapping and monitoring.
During craniotomy, patients were asked to open their mouths to avoid excessive noise exposure. However, due to the sedative effect of dexmedetomidine, this was not necessary in most of the cases, because patients were sufficiently sedated. For resection, tumor extension was delineated primarily using ultrasonography (Aloka, Hitachi Medical Systems), and Gliolan (Medac) in suspected high-grade glioma, and secondarily by the use of neuronavigation. For mapping, stimulation was performed with a 50-Hz bipolar Ojemann-type stimulator (ISIS, inomed). Initial intensity was regularly low (1 mA) and slowly increased if necessary for determining the patient's individual stimulation threshold. Care was taken to expose the motor cortex to elicit motor responses from stimulation, if possible. Continuous stimulation time was maximally 3 seconds and a single area was not stimulated more than 3 times in succession. Proximity to eloquent regions and the intensity of the stimulation marked the threshold for evoking a response. Iced Ringer's lactate solution was always available for seizure suppression. 28 
Neurological Assessment
Neurological assessment techniques differed according to the anatomical region of surgery. Normally, for speech assessment, a tablet computer with a set of different images was used for object-naming or verb-generation exercises. Other paradigms included counting, reading, monitoring of visual fields, spatial perception, and mathematics. Motor assessment was performed by a neurosurgical resident known to the patient, and the assessment of neurocognitive functions performed by a neurophysiologist.
Statistical Analysis
Descriptive statistics were used to evaluate patient populations. Statistical analyses were performed using the commercially available statistical software SPSS (version 23.0, IBM Corp.). Significance was defined as the probability of a 2-sided type 1 error of < 5% (p < 0.05). To compare both study groups, univariate test analysis for quantitative factors and chi-square tests or the Fisher's exact test for categorical variables were applied. Age-, sex-, American Society of Anesthesiologists (ASA) score-adjusted multivariate analyses were performed using logistic regression and characterized by 95% confidence intervals (CI) and p values for each significant variable after univariate analysis.
Results
Two hundred twenty-four awake surgeries were performed by senior neurosurgeons from October 2009 to September 2015 in the Department of Neurosurgery at the University Hospital of Münster. One hundred eighty surgeries were performed for the resection of gliomas and included in this study. We excluded the other patients to analyze a mainly homogenous population. Other procedures were performed for vascular surgery (arteriovenous malformation, cavernoma) or for surgery of metastases.
In the asleep group (n = 105), 41 patients (39%) were female. The mean patient age was 48.21 years (range 16-78 years; Table 1 ). Neuropathological findings of intraoperatively acquired tissue demonstrated 32 astrocytomas (WHO grade II, 30.5%), 21 anaplastic astrocytomas (AAs, WHO grade III, 20%), and 52 glioblastomas (WHO grade IV, 49.5%), with 69 patients (65.7%) undergoing operations for the first manifestation of the disease. The other 36 patients were experiencing first (n = 29, 27.6%) and second (n = 7, 6.7%) recurrences.
In the conscious sedation group (n = 75) the male/ female ratio was 52/23 with a mean age of 50.89 years (range 19-81 years; Table 1 ). After histopathological examination, 21 astrocytomas (28%), 13 AAs (17.3%), and 41 glioblastomas (54.7%) were diagnosed. Forty-five patients (60%) had their first manifestation of the disease, whereas in this group first (n = 24, 32%), second (n = 5, 6.7%) and even third (n = 1, 1.3%) recurrences were operated on as well. There was no statistically significant difference in sex (p = 0.247) or age (p = 0.238) between groups (Table  1) .
Blood Pressure and Heart Rate
There was a significantly longer hypertension perioddefined as more than 20% of the mean arterial pressure (MAP) measured before anesthesia induction-in the asleep group, with a mean duration of 31.96 minutes (median 25 minutes, range 5-115 minutes), compared with the conscious sedation group (p < 0.001), in which the mean duration of hypertension was 25.67 minutes (median 5 minutes, range 5-350 minutes). In the same manner, hypotension phases, defined as less than 20% of the MAP before anesthesia induction, were slightly longer in the asleep group (median 65 minutes, range 5-635 minutes) than the conscious sedation group (median 102.5 minutes, range 5-305 minutes), but not significantly different.
Patients suffered from tachycardia (> 100 bpm) in the asleep group (mean 41.4 minutes, median 22.5 minutes, range 1-370 minutes) at a frequency similar to that of the conscious sedation group (mean 37.69 minutes, median 15 minutes, range 5-235 minutes; nonsignificant difference). In the same manner, bradycardia (< 60 bpm) was similar in both the asleep group (mean 135.7 minutes, median 90 minutes, range 5-585 minutes) and in the conscious sedation group (mean 115.65 minutes, median 75 minutes, range 5-555 minutes; nonsignificant difference).
Seizures and Compliance
From all patients in the asleep group, 9 (8.5%) suffered general (n = 5, 4.8%) or focal (n = 4, 3.8%) seizures intraoperatively. In the conscious sedation group, 7 patients (9.3%) experienced general seizures and 6 (8%, nonsignificant) experienced focal seizures (Table 2) .
Overall compliance from the surgeon's perspective was reported to be similar in the asleep group (mean ranking 2.42, median 2) as in the conscious sedation group (mean ranking 2.2, median 2; nonsignificant difference). However, in the asleep group there were a significantly higher number of cases in which monitoring needed to be terminated (n = 22 [21%] vs n = 5 [6.7%], p < 0.008), with lack (Table 2) .
Pain, Antihypertensive, and Vasopressor Drugs
In the conscious sedation group significantly fewer opiates (p < 0.001) and vasoactive (e.g., noradrenaline: mean 2.13 vs 0.311 mg, p < 0.001) and antihypertensive drugs (e.g., urapidil: 111.01 vs 43.41 mg, p < 0.001) were used in comparison with the asleep group (Table 3) . Furthermore, nonopioid analgesics were similarly needed in both groups (mean 1.1 vs 0.93 g, nonsignificant difference). However, the administration of nonopioid analgesics is standard in our clinic after craniotomies.
Steroids and Antiemetic Drugs
As for steroids (dexamethasone), there was no significant difference between groups and the steroids administered, because patients receive 8 mg of dexamethasone before the beginning of surgery, which is standard in our clinic. Furthermore, we found no significant differences between cohorts regarding the use of antiemetic drugs.
Fluid Administration
Fluid resuscitation was performed predominantly with crystalloids. Colloids and mannitol were also administered. However, mannitol was given for its osmotic effect, and not for fluid resuscitation. The conscious sedation group received significantly fewer crystalloids and colloids during surgery (p < 0.001; Table 3 ).
Length of Stay and Duration of Surgery
The overall length of stay (mean 7 vs 5 days, p < 0.001) and the overall duration of surgery, i.e., from anesthesia induction until the patient is awake and transferred from the operative room (mean 377.68 vs 321.43 minutes, p < 0.001), were significantly lower in the conscious sedation group (Fig. 1) . The duration of surgery was defined as the time from anesthesia induction until the final minute in the recovery room before being transferred to the intensive care unit. After dividing the overall surgical time into single steps and comparing them, incision to suture time (mean 252.45 vs 202.32 minutes, p < 0.001) and the awakening time (mean 22.63 vs 15.45 minutes, p < 0.001) were significantly shorter in the conscious sedation group (Fig.  1 lower) .
Multivariate Analysis
Multivariate analysis confirmed a significantly shorter postoperative length of stay in the conscious sedation group (p = 0.015, 95% CI 0.277-2.596), as well as incision Mean values demonstrating that patients in the conscious sedation group (n = 75) received fewer opiates (p < 0.001) and vasoactive (p < 0.001) and antihypertensive (p < 0.001) drugs in the univariate analysis than patients in the asleep group (n = 105). Furthermore, patients in the conscious sedation group required less fluid administration during surgery (p < 0.001). All of these statistically significant results were confirmed in the multivariate analyses, with the exception of usage of the vasoactive drug noradrenaline and antihypertensive drug dihydralazine.
to suture time (p < 0.001, 95% CI 29.59-72.37), awakening time (p = 0.049, 95% CI 0.42-14.21), and overall surgical duration (p < 0.001, 95% CI 28.89-82.96). Additionally, except for the vasoactive drug noradrenaline and the antihypertensive drug dihydralazine, drugs and fluid administration were likewise statistically significant (Table  3) . Furthermore, multivariate analysis for termination of monitoring did not show any correlation with comorbidities, age, sex, ASA score, tumor location, or diagnosis. However, compliance rating was significantly associated with termination of monitoring (p = 0.003).
Discussion
In this study we report on 180 patients with glioma who underwent operations under awake conditions. Awake craniotomy has enabled gross-total resection of tumors within or next to highly eloquent regions, improving their medical management, while making microsurgery feasible. 26, 27, 35 Real-time patient feedback is crucial when aiming to achieve gross-total resection of these malignancies. Awake craniotomies represent a challenge for the anesthesiologist and the surgeon, especially due to possible pain and anxiety of the patient, and possible risks from seizures, vomiting, and aspiration. From our point of view, interdisciplinary work with anesthesiology and neurosurgical expertise is essential for good outcomes when performing awake craniotomies.
Dexmedetomidine's distinct pharmacological effects are ideal for use during awake craniotomies. As a highly selective a2-receptor agonist, dexmedetomidine acts as an anxiolytic, mild sedative, and analgesic. With the correct dosage, dexmedetomidine rarely induces cardiorespiratory suppression.
2,3,14,38 Several studies described a combination of dexmedetomidine with remifentanil, propofol, nitrous oxide, and sevoflurane or fentanyl. 1, 7, 34 Conscious sedation with dexmedetomidine has been reported to be suitable for high-risk patients with difficult airway management, being associated with a generally low necessity for performing active rescue airway management. 12 In a recent study, dexmedetomidine demonstrated significantly fewer adverse respiratory events compared with sedation with propofol and remifentanil. 13 Dexmedetomidine appears to induce no respiratory suppression by itself but rather in combination with other drugs. 13, 25 In a previous report, dexmedetomidine was even used in a pediatric patient for an awake craniotomy, providing adequate sedation. 33 Regional anesthesia of the scalp was performed in both settings as previously described. 21 Local anesthesia involved injection of a mixture of ropivacaine and epinephrine, as described above. We experienced no adverse events regarding the local anesthesia injection.
Our experience demonstrated that in the asleep setting, patients require a longer time before intraoperative monitoring can reliably be performed, mostly due to a period of confusion after terminating the administration of anesthetics. In our cohort, compliance was nominally rated as superior in the conscious sedation group. A previous report demonstrated that failure of awake surgery leads to lower rates of gross-total resection and longer hospitalization times. 19 In the present study, lack of compliance was the major reason for the termination of monitoring (n = 14, 13.3% [asleep] vs n = 2, 2.6% [conscious sedation]). Furthermore, overall duration of surgery (median 377.68 vs 321.73 minutes, p < 0.001) and postoperative length of hospital stay were significantly shorter in the conscious sedation group (mean 7 vs 5 days, p < 0.001). Both of these variables have been positively correlated with surgical site infections and have been established as quality indicators for outcome assessment, 29 not to mention the costs saved by significantly reducing surgery and hospitalization time. We are aware, however, that there has been a trend over time to discharge patients earlier.
One challenge during awake craniotomies is alternating between the individual phases of surgery. In our hands, the monitoring phase is not always performed in one single step. In some cases, longer interruptions of monitoring might require anesthesiologists to resume sedation to enable patient compliance for a later stage of the operation. On the other hand, it has been questioned whether dexmedetomidine as a single anesthetic drug provides sufficient analgesia and anesthesia, especially during the opening part of surgery. 13, 18, 22 This was not reflected by our experience. For these reasons, however, we added low-dose remifentanil to our sedation regimen in some cases.
From the total number of patients in this study (n = 180), 22 (12.2%) experienced intraoperative seizures, a lower rate than previously reported. 20 We did not find a significant difference between study groups, with 9 individuals (8.5%) in the asleep group compared with 13 (17.3%, nonsignificant) in the conscious sedation group experiencing intraoperative seizures, even though propofol is known to have an anticonvulsant effect. 5 On the other hand, patients in the asleep group received significantly more opiates than those in the conscious sedation group (p < 0.001) as part of the standard regimen. The amount of nonopiate analgesics required by patients was nominally higher in the asleep group, without reaching statistical significance. In the same manner, nominally more patients in the asleep group (n = 4 [3.8%] vs n = 1 [1.3%]) complained of pain during surgery. This implies that patients under conscious sedation with dexmedetomidine do not suffer more pain during awake craniotomy than under sedation with propofol and remifentanil.
There is no doubt that a surgical setting that requires significantly fewer vasoactive and antihypertensive drugs is better for the patient. Dexmedetomidine leads to fewer cardiovascular adverse effects during surgery. Patients sedated with dexmedetomidine experienced significantly fewer hypertensive periods. Furthermore, patients appeared to suffer fewer bradycardia and tachycardia incidents during surgery, without these differences reaching statistical significance. Even though hypotension and bradycardia have been reported as the most common cardiovascular effects of dexmedetomidine, 6 ,11 we could not determine any such reactions, or to be more precise, we did not find hypotension and bradycardia in patients treated with dexmedetomidine to be more common compared with patients under the asleep-awake-asleep setting. Consequently, fluid resuscitation was significantly lower in the conscious sedation group (p < 0.001), an aspect that has been rarely reported in the past (Table 3) .
Overall, patients appeared more comfortable with the conscious sedation regimen. In part, this observation may also have been related to the fact that patient positioning for surgery was performed while the patient was lucid, giving feedback on any discomfort arising from the position. Furthermore, lucid patients were familiarized with the surgical surroundings before sedation was deepened. Neither advantage was available with the asleep technique.
Favorable outcomes with fewer complications have been reported for the asleep-awake-asleep technique. 9 Pain, nausea, respiratory insufficiency, and intraoperative seizures were not significantly more frequent in the asleep group. However, monitoring was terminated because of pain in more patients in the asleep group (n = 4; Table 2 ). It has been argued that during opening there is no need for patients to be awake, particularly in surgery for recurrenc-es where scar tissue can prolong surgery, which is indeed true. 10 However, greater compliance, significantly shorter periods of hypertension, shorter postoperative length of stay and shorter duration of surgery, and a reduced need for fluid resuscitation or for premature termination of monitoring (without worse neurological and surgical outcomes) all indicate conscious sedation with dexmedetomidine is superior for awake craniotomies.
Limitations
A number of limitations from our study merit mention, foremost its retrospective design. However, electronic medical records and digitized anesthesiology protocols helped enormously with the retrospective chart analysis and proved highly reliable. Our detailed analysis of patient characteristics (Table 1 ) demonstrated no meaningful differences that would question the comparability of the two cohorts. Additionally, compliance was rated using a subjective rating scale from the senior surgeon. Future prospective studies can use validated and more standardized methods to assess these data. This study compared two well-acknowledged anesthesiology settings for awake craniotomies in 1 center, with the same neurosurgical team and under the same type of anesthesiological care. Nevertheless, a prospective, randomized setting would indubitably provide more reliable data to enforce our statements, because differences in a historic comparison might be multifactorial.
Conclusions
Use of dexmedetomidine creates excellent conditions for awake surgeries. Our experience shows that dexmedetomidine, used as the sole anesthetic drug during awake craniotomies, sedates moderately and acts as an anxiolytic. Thus, after ceasing infusion it enables quick and reliable clinical neurological assessment of patients. It ensures good compliance for neurological monitoring and reduces respiratory and cardiovascular adverse events with a low need for antihypertensive and vasoactive drugs, probably ensuring more rapid surgery and reducing length of hospitalization.
